Quantum dots found widespread application in the biosciences as bright and highly photo-stable fluorescent probes, i.e. for single-particle tracking. In this work we used ensemble spectroscopy and single-molecule techniques to study the quenching of quantum dots by various biochemical compounds that are usually present in living cells and might thus influence the experiments. We found not only nucleotides such as cytosine, guanine, and thymine can significantly influence the fluorescence emission of CdSe and CdTe quantum dots, but also amino acids, like asparagine and tryptophan. Bulk studies on fluorescence quenching indicated a static quenching mechanism. Interestingly, we could also show by single-molecule fluorescence spectroscopy that quenching of the quantum dots can be irreversible, suggesting either a redox-reaction between quantum dot and quencher or strong binding of the quencher to the surface of the bio-conjugated quantum dots.
Introduction
The development of novel labels and labelling strategies is driven by growing interest for in vivo imaging and life-cell microscopy to investigate complex biological networks in living cells and organisms. Recent advances in the synthesis and coating of quantum dots (QD) enhanced and broadened their applicability for in vivo experiments; which is of great interest because of their unique spectroscopic features. [1] [2] [3] [4] Fluorescent QD usually have high absorbance, increasing with shorter wavelengths. At the same time they have a narrow emission band, with the emission maximum depending on constitution and size of the QD. Both features together make them highly suitable for multiplexing by excitation with a single laser wavelength. Being made of semi-conductor material, the QD are at the same time extremely photo-stable. It is therefore not astonishing that QD have attracted researchers from many disciplines of sciences since their discovery in the 1970s. [1] [2] [3] 5, 6] However, known photo-physical features, such as 'blinking' and 'blueing', sometimes render interpretation of the corresponding experiment difficult. [7] [8] [9] Furthermore, their application and use in cell biology demands not only detailed knowledge about toxicity but also about potential interactions with various biochemical compounds that might influence fluorescence emission. Whereas such influences on organic dyes have been described in literature, [10] to our knowledge, systematic investigations of the influence of nucleotides and amino acids on the fluorescence emission of QD are yet to be studied. In current literature, quenching of QD by metal ions, such as Cu 2þ and Ag þ , and by organic molecules containing amino-groups have been reported. [11] [12] [13] Influence of various compounds on the fluorescence emission properties of QD raised a strong interest in their use as fluorescent sensors, like the quenching by metal ions, [12, 14, 15] gold nanoparticles, [16, 17] and various other compounds. [18] [19] [20] [21] [22] [23] Further studies focussed on the oxidation of QD, [24] or photo-induced charge transfer, [11] and also on the influence of experimental conditions, such as temperature or pH. [7, 25, 26] Herein we present a systematic study on the interaction of nucleotides and amino acids with QD, which occasionally leads to a significant quenching of fluorescence intensity. For our studies we used two different commercially available core shell QD, QD655 and QD705, with a ZnS shell and a CdSe and CdTe core respectively. QD were purchased bio-functionalized with streptavidin for labelling of biotinylated compounds. Fluorescence quenching of QD has been investigated by means of steady-state as well as fluorescence lifetime spectroscopy as dependent on quencher concentration. Additionally, singlemolecule fluorescence spectroscopy has been used to study reversibility of quenching.
Results and Discussion
Among the numerous biochemical compounds present in living cells, nucleotides are the most prominent, located anywhere within the cell. Therefore, we were interested in examining the interaction between QD and nucleotides; as measured by the change in the fluorescence intensity upon addition of the nucleotide. With increasing amounts of dGMP to a solution of QD655, we observed a strong attenuation of the fluorescence emission (Fig. 1a) . Concurrently, the emission maximum and shape of the emission spectra of QD655 remained constant. Attenuation of the fluorescence emission spectra at different concentrations of dGMP was used to create Stern-Volmer (SV) plots, shown in Figs 1b (QD655) and 1c (QD705), to quantify quenching. According to Eqn 1 (cf. Experimental Methods below) the initial fluorescence intensity (F 0 ) in absence of nucleotide was divided by the fluorescence intensity (F) of the nucleotide containing sample and plotted against the respective nucleotide concentration. An initial visual inspection of the SV-plots, immediately reveals interesting differences in the quenching of the two different types of QD. QD655 is strongly quenched by dGMP, and to a lesser degree by dTMP and dCMP. In contrast, QD705 shows greatest sensitivity to the addition of dTMP, with the other three nucleotides affecting its emission weakly.
The initial linear portion of the SV-plots was used for fitting a linear model (Eqn 1) according to Stern-Volmer theory of collisional quenching (dotted lines in Fig. 1b and 1c) . [27] The regression factor of all fits was of 0.99 or better. The results summarized in Table 1 show clearly that fluorescence emission of both QD is attenuated upon addition of any of the four nucleotides. Additionally, differences in the behaviour of the two types of QD can easily be identified. Quenching of QD655 by the three nucleotides (dCMP, dGMP, and dTMP) is approximately 2-3 times stronger, as compared with dAMP. QD705, however, is most strongly quenched by dTMP, with the corresponding fluorescence quenching by dAMP, dCMP, and GMP approximately a factor of 3-4 times weaker. It is noteworthy that in all cases we found deviations from linearity at higher concentration in the SV-plots (data not shown); showing mostly a trend to saturation, which could be interpreted as direct surface interaction of the quencher with the respective QD.
These observations first focussed our interest towards possible interactions with other biochemical compounds. To this end, similar experiments were carried out with both QD655 and QD705 and various amino acids summarized in Table 2 . Interestingly, the strongest quenching of QD705 does not occur, as we had expected, with any of the aromatic amino acids, but with asparagine. The aromatic amino acids also show quenching of the fluorescence of QD705, but this is only about half of that observed for asparagine. While most of the amino acids do not show any effect on the fluorescence emission of QD705, some amino acids quench the fluorescence weakly.
We also became interested in whether, or to what extent, quenching by these compounds is reversible. We subsequently conducted experiments with QD655 immobilized on glass cover slides. Prior to immobilization, the glass surface was covered with bovine serum albumin (BSA) and then doped with 
biotinylated BSA to attach streptavidin coated QD. The noncovalent biotin/streptavidin binding allows removal of quencher containing supernatant and subsequent washing of the immobilized QD. Immobilized QD were then imaged with a confocal microscope capable of spectrally-resolved fluorescence lifetime imaging microscopy, by excitation with at 635 nm. [28] From the resulting fluorescence intensity image (Fig. 2a) , a density of about less than one QD per mm 2 was estimated. After the first image had been taken, concentration of dGMP was gradually increased by adding increasing amounts from a 200 mM stock solution of dGMP. After each addition of dGMP another image was taken by scanning the sample to follow attenuation of the fluorescence emission of the QD (Figs 2b-2e ). The image series shows the strong influence of dGMP on the fluorescence emission of the QD, which are barely visible at a concentration of ,6 mM of dGMP (Fig. 2e) . After removal of supernatant the sample was washed three times using PBS-buffered aqueous solution. However, the final image (Fig. 2f) , taken after washing, shows barely any recovery of the fluorescence emission.
We also measured the influence of nucleotides and amino acids on the fluorescence lifetimes of the QD; as previous experiments indicated an irreversible quenching mechanism for dGMP. However, the changes in fluorescence lifetime were rather small, ruling out any dynamic quenching mechanism, such as collisional quenching (Table 1) . Additionally, we found that quenching of QD655 (Fig. 3a) and QD705 ( Fig. 3b) with dGMP depends on the excitation wavelength. In both cases quenching is most prominent in a band around 270 nm. In contrast, quenching of QD705 with asparagine leads to a more equally distributed quenching over the whole excitation range (Fig. 3c) . Therefore, the observed static fluorescence quenching by dGMP might also be explained by a redox-reaction of the QD with dGMP which is further supported by absorption measurements showing a comparable behaviour (data not shown).
Discussion
We systematically studied quenching of fluorescence emission of semi-conductor QD, QD655 and QD705, by different nucleotides and amino acids. In our studies, we found that quenching was in some cases very specific, i.e. QD655 was strongly quenched by dGMP, while QD705 was strongly quenched by dTMP. We also found, that of the amino acids, asparagine quenches QD705 to the greatest degree. These finding might be of interest for future developments of analytical assays. For all quenchers we observed saturation of quenching. This indicates that quenching is limited by the number of quencher molecules that can interact with the QD. This notion is supported by recent reports of aliphatic amines and mercaptanes effecting the fluorescence emission of CdSe cores. [13, 18, 22] Although the QD are shielded not only by a ZnS shell, but also by polymer coating and biofunctionalization, one might imagine small molecules, like dNTP, penetrating the streptavidin and eventually also the polymer coating. Recently, non-uniformity of ZnS shells was reported, suggesting partially thin ZnS layers could even contain pores that could form potential binding sites for quenchers. [29] At the moment we can only speculate about the mechanism of quenching. Interestingly, there are some reports in the literature where similar compounds have altered the emission of QD. Amines, for example, have been found to quench fluorescence in some cases, suggesting interactions with surface holes. [13] However, many other publications report fluorescence enhancement, instead suggesting a completely different kind of interaction. [30] This contradiction might be solved by the observation that properties of QD depend not only on the material but also on the particle synthesis and surface coating.
[31] Indeed, we also found variations between batches of QD of the same type. Nevertheless, the idea of direct binding of the quencher to the QD surface supports our finding that quenching is mostly static, i.e. either formation of nonfluorescent complexes or due to chemical reaction of the QD. The latter is supported by the observation that dGMP specifically quenches an excitation band of QD655 and QD705 around 270 nm. In contrast, quenching by asparagine does not directly impact specific features in the excitation spectra, pointing more towards formation of a non-fluorescent complex.
Conclusions
In summary, emission of QD is quenched by various nucleotides and amino acids. Our data indicates that quenching mechanisms depends on the particular compound; with quenching found to be specific for certain compounds which may influence the future development of analytical assays. Furthermore, the provided information regarding the quenching of QD may be useful to explain and avoid side effects when working in with biological samples or in living cells containing nucleotides and/or amino acids. It is well known that the properties of QD depend not only on the material itself, but may vary considerably on particle synthesis and surface preparation. Therefore, the described observations should not be generalized but instead considered and recognised as potential side-effects when QD are used for assay development in biological samples.
Experimental

Materials and Reagents
The semi-conductor QD, QD655 and QD705, were obtained from Quantum Dot Corporation (Hayward, USA; now Invitrogen). QD655 has a CdSe core and emits at 655 nm, while the emission of QD705 is red-shifted at 705 nm due to the CdTe core. Both QD were obtained as coated core/shell QD with a shell of ZnS that was coated with a polymer which was already biofunctionalized with streptavidin by the vendor. Suspensions of the QD were used as delivered without any further modification and diluted 1:800 in phosphate buffered saline (PBS, 0.1 mM, pH 7.3).
Spectroscopy
All experiments were conducted in standard quartz cuvettes (Hellma, Müllheim, Germany) with a maximum volume of 1.5 mL. For UV/Vis and fluorescence spectroscopy the concentration of QD was chosen well below an optical density of 0.1, to avoid inner filter effects. Optical density at excitation wavelength was verified with a Cary Scan 500 UV/Vis Photo spectrometer (Varian, Darmstadt, Germany). Steady-state fluorescence spectra were measured on a Cary Eclipse fluorescence spectrometer (Varian, Darmstadt, Germany). Ensemble fluorescence lifetime measurements were performed on a FluoTime 100 (PicoQuant, Berlin, Germany) using timecorrelated single-photon counting (TCSPC). For excitation, we used a pulsed LED emitting at 370 nm with a pulse width o600 ps (fwhm) operating at 1 MHz. The measurements were completed in standard quartz cuvettes (d ¼ 0.3 cm). To exclude polarization effects, fluorescence was observed under magic angle conditions (54.78). Typically 3000-5000 photons were collected in the maximum channel of a total of 4096 channels. The lifetime was determined with the software provided by the manufacturer (FluoFit Ver. 4.1, PicoQuant, Berlin, Germany) by least-squares deconvolution, using the instrument response function acquired with LUDOX and their quality judged by the reduced x 2 values and the randomness of the weighted residuals.
Quenching Experiments
For quenching experiments, solutions of the four monophosphate nucleotides dAMP, dCMP, dGMP, and dTMP, as well as the amino acids tryptophane, threonine, histidine, methionine, proline, asparagine, leucine, glutamine, arginine, serine, and glycine, were used. All nucleotides and amino acids were purchased from Sigma-Aldrich (Stockelsdorf, Germany) in pro analysi quality.
Quenching of the QD by the different bio-compounds was investigated at 258C by adding increasing amounts of biocompound stock solution (1 mM, PBS buffered, 0.1 mM, pH 7.3) to QD containing solution (PBS buffered, 0.1 mM, pH 7.3) and measuring the fluorescence emission spectrum/fluorescence lifetime upon excitation at 400/370 nm, if not stated otherwise. Addition of the respective bio-compound was continued until quenching reached saturation, which usually occurred at ,20-50 mM of the bio-compound depending on the particular bio-compound and the QD, respectively. Measured fluorescence intensities were corrected for dilution of QD upon addition of quencher. The ratio of initial fluorescence intensity I 0 /lifetime t 0 to fluorescence intensity I/lifetime t at a given quencher concentration was plotted against quencher concentration c(Q) in a SV plot. The quenching or Stern-Volmer constant K SV was then determined by fitting a straight line to the initial slope (usually 5-10 data points) of the SV plot according to Eqn 1: [27] 
Microscopy
The experimental setup and principle of fluorescence lifetime imaging microscopy have been described elsewhere. Briefly a pulsed laser diode emitting at 635 nm (PicoQuant GmbH, Berlin, Germany) was driven by a pulsed laser driver (PDL 800B PicoQuant) at a repetition rate of 5 MHz and was directed into an inverted microscope (Axiovert 100TV, Zeiss, Jena, Germany) equipped with a xyz-piezoscanning table (PI Physik Instrumente, Karlsruhe, Germany). The collimated laser beam was directed into an oil immersion objective (100Â, NA ¼ 1.4, Olympus, Japan). Fluorescence emission was collected by the same microscope lens and was detected by focusing on two avalanche photo diodes (SPCM-AQR 15, Perkin-Elmer).
For data recording and analysis a TCSPC PC-card (SPC-630 Becker&Hickl, Berlin, Germany) and custom written LabViewbased software were used.
